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Identification of calcium-calmodulin multifunctional protein kinase II
in rabbit kidney. Recent studies have demonstrated that calcium!
calmodulin-dependent multifunctional protein kinase II (CaM-Ku) in-
hibits the reconstituted Na-H exchanger from the brush border
membrane of proximal convoluted tubule of the rabbit kidney. The
present studies were undertaken to evaluate the physiological relevance
of this finding by establishing the presence of CaM-Ku in rabbit kidney
and proximal convoluted tubule cells by Northern RNA hybridization
analysis to demonstrate the messenger RNA (mRNA) for CaM-K!! and
by a selective enzymatic assay of CaM-Ku using a synthetic peptide
substrate. A single 4.9 Kb mRNA was observed on hybridization of
total RNA from rabbit kidney cortex and medulla and from an enriched
suspension of rabbit kidney proximal convoluted tubules with a eDNA
for rat brain CaM-Ku. An enzyme assay using a synthetic peptide
substrate representing the site phosphorylated by CaM- Kil on glycogen
synthase demonstrated calcium-calmodulin dependent protein kinase
activity in both rabbit kidney cortex (specific activity of 662 127
nmol . min' . mg protein) and proximal tubule cells (546 77
nmol. min mg protein 1) These data establish the presence of
CaM-Ku in the rabbit kidney, and suggest a role for this enzyme in the
control of renal electrolyte transport.
Intracellular calcium is an important second messenger in the
transduction of a variety of extracellular stimuli to a physiolog-
ical response. Most, if not the majority, of the calcium-regu-
lated cellular processes appear to be mediated via the "activa-
tion" of the ubiquitous, high-affinity calcium-binding protein,
calmodulin [1]. Association of calcium with calmodulin pro-
motes the subsequent modulation of a diverse group of cal-
modulin regulated enzymes, among which are several protein
kinases. To date, only three calcium/calmodulin-dependent
protein kinases have been extensively characterized. Two of
these, namely myosin light chain kinase, which is implicated in
the regulation of smooth muscle contraction, and phosphory-
lase kinase, which participates in the control of glycogenolysis,
demonstrate extremely narrow substrate specificity. By con-
trast, calcium-calmodulin-dependent multifunctional protein ki-
nase II (CaM-Ku), appears to be widely distributed in tissues
and has broad substrate specificity, suggesting its involvement
in a large number of calcium regulated processes [2]. Subse-
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quent to reports suggesting a role for calcium [3] and calmodulin
[4, 5] in the control of Na-H counter transport in some
tissues, we recently investigated the effect of protein phosphor-
ylation by CaM-Ku on the reconstituted Na-H exchanger
from rabbit renal brush border membranes [6]. These studies
demonstrated that CaM-Ku decreased Na-H exchange ac-
tivity by a process involving protein phosphorylation as as-
sayed after reconstitution of solubilized rabbit renal brush
border membrane proteins into artificial lipid vesicles. These
results emphasized the potential interaction between CaM-Ku
and electrolyte transport in the proximal tubule of the kidney of
the rabbit. The physiologic significance of these findings, how-
ever, was tempered by the lack of information on the presence
of CaM-Ku in rabbit kidney proximal tubules.
The present experiments were undertaken to establish the
presence of CaM-Ku in the rabbit kidney and the cells of the
proximal convoluted tubule, the primary site of Na-H ex-
change activity. These studies confirm the presence of mRNA
for CaM-K!!, and readily measurable enzymatic activity for
CaM-Ku in the rabbit kidney cortex and in the cells of the
proximal convoluted tubule.
Methods
r-32P-ATP (3000 Ci/nmol) and '251-Protein A (30 Ci/g
protein) were purchased from Amersham Corp. (Arlington
Heights, Illinois, USA); a-32P-dCTP (3000 Ci!mmol) was from
NEN. Nitrocellulose was purchased from Schleicher and
Schuell. Mastoparan was purchased from Peninsula Labs
(Belmont, California, USA). A 10-residue synthetic peptide,
PLRRTLSVAA, corresponding to site 2 on rabbit skeletal
muscle glycogen synthase [7] was provided by Dr. Bruce E.
Kemp, University of Melbourne, Australia.
Isolated proximal tubules were prepared as previously de-
scribed [8, 9]. In brief, rabbit renal cortices were minced with a
razor blade in cold air, and magnetically stirred in a solution
(pH 7.4) containing 115 mri NaCl, 25 mM NaHCO3, 4 mM
NaHPO4, 2.3 mrvi CaC12, 5 mrvi KC1, 0.1 mM MgSO4, 5 mM
glucose, 4 m lactate, 1 mri alanine, 0.6% (wt!vol) dextran,
0.02% (vol/vol) collagenase and 0.035 (vol!vol) hyaluronidase.
The suspension was bubbled continuously with 95% 02-5% CO2
at 37°C. The suspension was further dispersed by aspiration
through the nozzle of a plastic syringe. Mter 60 minutes, the
suspension was filtered through gauze and washed at 4°C with
the same solution of containing collagenase or hyaluronidase.
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The suspension was then layered on a 25% Ficoll 400 cushion
and centrifuged at 50 x g for 20 minutes at 4°C. The tubules
remaining at the top of the cushion were removed and washed
two times to remove the Ficoll. The tubules were then resus-
pended in the same solution not containing enzymes and kept at
4°C until study. This enriched suspension of rabbit proximal
convoluted tubules contains small segments of proximal tubules
with minimal contamination by glomeruli and other vascular
structures [8, 9].
Total RNA from rabbit forebrain, renal cortex, medulla, and
proximal convoluted tubules was isolated using guanidine thio-
cyanate as described by Chirgwin et al [10]. RNA was separated
by electrophoresis on 1% agarose formaldehyde gels and trans-
ferred to nitrocellulose by capillary transfer. The nitrocellulose
was baked for one hour at 80°C and incubated overnight at 42°C
in pre-hybridization buffer containing 50% formamide. The rat
brain cDNA (350 bp) corresponded to the calmodulin-binding
domain of the a-subunit of rat brain CaM-K!! [111, a sequence
which is highly conserved in the other isoforms of CaM-Ku.
The eDNA was labelled by the random priming method using
a-32P-dCTP and the Pharmacia oligolabelling kit (Pharmacia
Diagnostics, Uppsala, Sweden). The blots were hybridized with
the labelled probe (approximately 106 cpm/ml) overnight at 42°C
and washed to a final stringency of 1X SSC, 150 mrvt NaC1 and
15 m sodium citrate (pH 7.0) at room temperature prior to
autoradiography with Kodak XAR-5 x-ray film (Eastman
Kodak, Rochester, New York, USA).
Enzyme assays for CaM-Ku were performed as described by
Hashimoto and Soderling [12] using a 10-residue synthetic
peptide substrate (GS-peptide) corresponding to site 2 on gly-
cogen synthase, a site which is phosphorylated by CaM-Ku
when the intact protein is used as substrate. Tissues were
homogenized in either ten volumes (brain) or three volumes
(kidney) of 250 m sucrose, 50 mi HEPES, 2 mM EGTA, 4 mM
EDTA, 10% (vol/vol) ethylene glycol, 2 mM PMSR, 1 mr'i DTT,
1 g/ml leupeptin, adjusted to pH 7.5 at 4°C. After a low speed
centrifugation (1,200 x g) to remove the cell debris, the samples
were centrifuged at 100,000 x g at 4°C for one hour and the high
speed supernatant was utilized in all assays. The assays were
performed with 10 pi of tissue extracts in a final assay volume
of 50 d, containing 50 mi HEPES (pH 7.5), 10 m magnesium
acetate, 500 M ATP, 30 M Wiptide (Peninsula), 20 xM
GS-peptide, and 2 to 20 Ci T-32P-ATP. Wiptide, a commer-
cially synthesized peptide representing the minimal active frag-
ment of the specific protein inhibitor of cAMP-dependent
protein kinase, was included in all assays to eliminate the
activity of this kinase, which also phosphorylates the GS-
peptide. Mastoparan was included in some of the assays as an
inhibitor of endogenous calmodulin in the tissue samples. In the
presence of calcium, mastoparan binds calmodulin and inhibits
its action at near nanomolar concentrations. In brief, the assays
were performed under four conditions: condition A includes 1
mM CaCl and 5 p,g/ml calmodulin, condition B includes 1 mM
CaCl2 and 3 g/ml mastoparan, condition C includes 1 mM
EGTA and 5 pg/ml calmodulin, and condition D includes 1 mr'i
EGTA. Protein kinase activity as assayed under conditions B,
C, and D were similar. For the purpose of the present studies,
therefore, CaM-Ku activity was defined as (A — [B + C + D/3])
and is expressed as nanomoles of GS-peptide phosphorylated.
min1 mg protein1.
Fig. 2. Northern RNA hybridization analysis for CaM-K!!. Total RNA
(pg) from rabbit brain and rabbit proximal tubule suspensions were
separated by electrophoresis on 1% agarose formaldehyde gels and
transferred overnight to nitrocellulose paper by capillary blotting prior
to hybridization with a labelled cDNA for CaM-K!! (Methods).
Results
Recognizing that the degree of homology between the a, /3
and T isoforms of rat brain CaM-Ku is highly significant at the
nucleotide level, we performed Northern RNA hybridization
analysis using a cDNA to a region largely conserved between
the three molecular species [13]. It should be acknowledged,
however, that under the conditions of hybridization, there is
greater selectivity for the mRNA for the a-subunit of CaM-Ku.
Previous studies have established that this mRNA species
encodes the a-subunit of CaM-K!! as expressed in rat brain
[14]. As shown in Figure 1, a single mRNA (4.9 Kb) was observed
in rabbit proximal tubule. Under the conditions of study, no
other RNA species was detected. Figure 2 is a Northern blot of
RNA from rabbit brain and kidney proximal tubules indicating
detection of the same RNA species in both organs. The level of
expression of CaM-K!! mRNA in rabbit brain is greater than
that seen in rabbit proximal tubule. Expression of the 4.9 Kb
mRNA was also observed in the rabbit kidney cortex and
medulla. The level of expression was approximately equal in
these two regions of the kidney (data not shown).
Given the wide range of in vivo substrates for CaM-KIl
reported in the literature, most of which are also targets for
other protein kinases, it has been difficult to develop a specific
enzyme assay for CaM-K!! using these substrate proteins.
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Table 1. Calcium/calmodulin-dependent protein kinase II activity in
rabbit brain and kidney
Brain
Kidney
cortex
Kidney
proximal tubule
7,820 546 77 663 127
The values for enzyme activity are expressed as nmol min mg
protein' and represent the mean of means of duplicate determinations
in three preparations of kidney cortex and four preparations of proximal
tubules SEM.
Using a synthetic peptide analog of a known substrate for
CaM-Ku, namely glycogen synthase (site-2), Hashimoto and
Soderling [12] recently developed an assay which largely cir-
cumvents the difficulties previously experienced in assaying
CaM-Ku in crude tissue fractions. Using a related synthetic
peptide, termed here GS-peptide, we assayed the 100,000 X g
supernatants from rabbit tissue extracts for CaM-Ku activity.
Under the conditions of the assay, phosphorylation of GS-
peptide was linear with respect to time up to three minutes of
incubation, and also with protein content. In the presence of
calcium and calmodulin (condition A), activity averaged 81
182 and 749 91 nmol min' mg protein' in kidney cortex
and suspended proximal convoluted tubules, respectively. Val-
ues for kidney cortex and suspended proximal tubules respec-
tively averaged 135 and 232 nmol min . mg protein in the
presence of calcium and mastoparan (condition B), 186 and 211
nmol. min . mg protein in the presence of EGTA (condi-
tion D). The activity of CaM-Ku, therefore, was estimated to
be 662 127 nmol . min' . mg protein in rabbit kidney
cortex (N = 3), and 546 77 nmol. min mg protein' in
rabbit proximal convoluted tubules (N = 4; Table 1). CaM-Ku
activity was 7,820 nmol . min' . mg protein' in rabbit brain.
Discussion
CaM-Ku, first isolated from mammalian brain, is a multi-
meric complex consisting of a (50 kDa) and fJ (60 kDa) subunits
in a molar ratio of 12:3 resulting in a holoenzyme of approxi-
mately 750,000 daltons. Both the a- and f3-subunits have been
demonstrated to bind calmodulin in the presence of calcium and
possess protein kinase activity. CaM-Ku, which is particularly
prominent at the post-synaptic densities, may play a vital role in
the structure and function of the synaptic junctions. Analogous
protein kinases have also been isolated from skeletal muscle
and liver, where one of their primary targets has been suggested
to be glycogen synthase. These enzymes show a slightly dif-
fering molecular composition, being 700 kDa with a single class
of subunit (56 to 58 kDa) in skeletal muscle and a holoenzyme
of 300,000 daltons with subunits of 51 and 53 kDa in 1:1 ratio in
the liver. We have previously shown that despite these apparent
differences, CaM-Ku from these tissues possesses similar
structural and immunological properties [15]. In addition, there
appears to be no significant difference in their specificity for a
variety of substrate proteins in vitro [16].
In evaluating the potential for CaM-Ku to regulate the
Na-H exchanger in the rabbit kidney apical membranes [6],
it became necessary to demonstrate the presence of CaM-KII in
not only the rabbit kidney but also in the cells of the renal
proximal convoluted tubule, the locus of the highest Na-H
exchange activity in the kidney. The tissue distribution of
CaM-Ku has previously been studied in the rat using a full
length cDNA probe to the a-subunit, a polyclonal antibody to
the a-subunit, and by bioassay of CaM-K!! activity [12, 14, 17].
Lin et al reported no detectable mRNA for CaM-K!! in the
kidney of the rat [14]. Using a monoclonal antibody, Fukunaga
eta! examined the tissue distribution of CaM-KIT in the rat [17].
As determined by Western immunoblots, CaM-Ku was not
detected in kidney tissue. In the same study, however, CaM-
K!! activity was detected in kidney tissue by bioassay. Hashi-
moto and Soderling reexamined the tissue distribution of CaM-
Ku in the rat using a bioassay employing a synthetic peptide
substrate [12]. CaM-Ku activity was detected in the cytosolic
but not the particulate fraction of the kidney. Thus, there is
evidence both for and against the presence of CaM-K!! in the
rat kidney. To our knowledge, no comparable data are available
in the kidney of the rabbit. In addition, none of the above
studies in the rat attempted to determine the nephron distribu-
tion of CaM-Ku.
Using a cDNA for the a-subunit of rat brain CaM-Ku, RNA
from rabbit brain and kidney was probed for CaM-Ku mRNA.
The same 4.9 kb mRNA, encoding the a-subunit of CaM-KIT,
was detected in all tissues examined. Under the hybridization
conditions used in this study, no other RNA species was
detected. The level of mRNA was higher in the brain than in
kidney cortex. Comparable expression was observed in rabbit
renal cortex and medulla. Messenger RNA for CaM-Ku was
easily detected in the cells of the proximal convoluted tubule
where the level of expression was also lower than in rabbit
brain. The difference between the present results in the rabbit
and the prior studies by Lin et al in the rat [14], if not due to
species difference or differences in the conditions of hybridiza-
tion, is unexplained at the present time.
To estimate CaM-K!! activity in the rabbit kidney, we
adapted the assay of Hashimoto and Soderling using a synthetic
peptide substrate with a homologous sequence of site-2 of
glycogen synthase, a known CaM-KIT substrate [12]. Although
this peptide is also phosphorylated by cyclic AMP-dependent
protein kinase, protein kinase C, and to a much lesser extent by
phosphorylase kinase, Hashimoto and Soderling demonstrated
that under their assay conditions, this peptide is a much better
substrate (100 x) for CaM-Kil than either cAMP-dependent
protein kinase or protein kinase C [121. As an additional
measure, the assay routinely contained Wiptide, an inhibitor of
cAMP-dependent protein kinase. Calcium and calmodulin stim-
ulated phosphorylation of the GS-peptide was taken as a
measure of CaM-Ku activity. The results indicated the pres-
ence of CaM-Ku activity in rabbit brain, kidney cortex, and
proximal tubule cells. CaM-Ku activity was approximately 10-
to 15-fold higher in brain than in renal tissue.
The results of the present experiments provide clear evidence
for the presence of CaM-KIT in the kidney cortex of the rabbit.
Moreover, the results suggest the presence of the CaM-K!! in
the cells of the proximal convoluted tubule based on the
detection of mRNA for CaM-KIT and CaM-Ku activity in a
suspension of proximal convoluted tubules from the rabbit
kidney. Although not detailed in the present studies, prior
studies indicate that this preparation is enriched in proximal
convoluted tubules, as determined by enzyme assays, and
relatively free of glomeruli and other cells, as determined by
direct visualization and histologic examination [8, 9]. As esti-
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mated by mRNA levels and by enzyme activity, the rabbit brain
appears to be a richer source of CaM-Ku than rabbit kidney, a
finding consistent with previous studies in the rat [12, 14, 17].
While the precise physiological role of this protein kinase in the
kidney is unknown at the present time, recent studies from our
laboratory have identified one possible function of CaM-K!! in
this tissue, namely, the calcium and calmodulin-mediated inhi-
bition of the Na-H exchanger in the apical membrane of the
proximal convoluted tubule [6]. In the kidney, the magnitude of
inhibition of the Na-H exchanger by CaM-Ku was similar to
that observed by cAMP-dependent protein kinase, which has
been suggested to mediate the control of electrolyte transport in
response to parathyroid hormone [18]. In this regard, the
present findings may also suggest an important role for CaM-
K!! in the control of the renal Na-H exchanger.
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